We sought to determine the effects of probiotic supplementation (Bacillus subtilis DE111; 1 billion CFU·d −1 ) on markers of immune and hormonal status in collegiate male athletes following 12 weeks of offseason training. Twenty-five Division I male baseball athletes (20.1 ± 1.5 years, 85.5 ± 10.5 kg, 184.7 ± 6.3 cm) participated in this double blind, placebo-controlled, randomized study. Participants were randomly assigned to a probiotic (PRO; n = 13) or placebo (PL; n = 12) group. Pre-and post-training, all athletes provided resting blood and saliva samples. Circulating concentrations of testosterone, cortisol, TNF-α, IL-10, and zonulin were examined in the blood, while salivary immunoglobulin A (SIgA) and SIgM were assayed as indicators of mucosal immunity. Separate analyses of covariance (ANCOVA) were performed on all measures collected post intervention. No differences in measures of body composition or physical performance were seen between groups. TNF-α concentrations were significantly (p = 0.024) lower in PRO compared to PL, while there were no significant group differences in any other biochemical markers examined. A main effect for time was observed (p < 0.05) for increased testosterone (p = 0.045), IL-10 (p = 0.048), SIgA rate (p = 0.031), and SIgM rate (p = 0.002) following offseason training. These data indicate that probiotic supplementation had no effect on body composition, performance, hormonal status, or gut permeability, while it may attenuate circulating TNF-α in athletes.
Introduction
Athletes regularly engage in rigorous exercise training, which leads to accumulating amounts of physical stress. While daily moderate intensity physical activity has been shown to have positive effects on the immune system [1] , prolonged periods of intense training and competition may lead to immune dysregulation [2] [3] [4] . As a result of mucosal and systemic immune suppression, it is common for competitive athletes to become susceptible to infections, which may reduce the frequency and quality of physical training and athletic competition [5] . In addition to being vulnerable to infection, overly fatigued athletes are found to have altered levels of pro and anti-inflammatory cytokines in circulation [6, 7] . For instance, elevated circulating TNF-α in elite male rowers was significantly associated with depressed mood, sleep disturbances, and physical stress [8] . Moreover, TNF-α acts to impair protein synthesis in skeletal muscle by decreasing messenger RNA (mRNA) translational efficiency [9] . This combination of factors may limit an athlete's ability to properly recover from acute training bouts and may ultimately impair training adaptations.
While athletes are often subjected to excessive levels of physical stress as a byproduct of training demands, other stressors are often overlooked. Specifically, collegiate athletes regularly engage in periods of high physical stress accompanied with prolonged travel, academic rigor, and other physiological stressors. College athletes who are under a large amount of physical and academic stress have recently been shown to be more susceptible to sustaining injury during these times of increased strain [10] . To counter this, biomarker monitoring is gaining momentum in the athletic realm as a method to detect periods of excessive negative physiological stress [11] . Furthermore, it has been suggested that utilizing an assembly of diverse biomarkers may provide the most effective strategy in evaluating intricate balance of anabolic and catabolic processes in athletes [11, 12] .
To attenuate the increasing levels of physiological strain associated with training, athletes often implement nutritional strategies to support immune health. Probiotic supplementation, for instance, is a strategy which is receiving considerable attention as a countermeasure for training-induced stressors [13] . Probiotics are live organisms that when consumed, impose a wide array of beneficial physiological effects on humans, most notably promoting improved gut microbiota [14] . These microorganisms have been shown to exert immunomodulatory effects [15] by decreasing pro-inflammatory cytokines in circulation [16] and supporting mucosal defense [17, 18] . In athletes, probiotics have been reported to reduce the number, duration, and severity of infections [18] [19] [20] . Thus by improving resistance to infection, attenuating low-grade inflammation, and improving nutrient absorption, probiotic supplementation may be a practical strategy to support athlete health and adaptation [13, 21] . However, as the effects of probiotics are strain-specific and not all studies have observed a positive effect of supplementation on immune function and sickness [22, 23] , each strain must be investigated independently to elucidate its unique effects.
While probiotics appear to have a generally positive effect on athlete immune function, studies regarding its efficacy on improving exercise performance are less clear. In endurance athletes, a multi-strain probiotic significantly improved time until fatigue in males running at 80% of their ventilatory threshold [24] whereas others have reported no effect of probiotics on performance [17, 19, 20] . Regarding resistance exercise, Jager et al. [25] found that co-ingestion of protein with Bacillus coagulans GBI-30, 6086 attenuated range of motion decrements in recovery following an intense bout of resistance exercise possibly by improving nutrient absorption [26] . Furthermore, 10 weeks of Bacillus subtilis DE111 supplementation in conjunction with adequate post-workout nutrition was shown to improve body composition in female collegiate athletes while exerting no effect on physical performance [27] . Despite recent interest, only a limited amount of investigations have investigated the effect of probiotic supplementation on training outcomes in resistance-trained individuals [27] [28] [29] and more data is needed to delineate their effects on performance.
Therefore, the aim of the present study was two-fold. First, we sought to examine the effects of 12 weeks of daily probiotic supplementation on immune and hormonal profiles in college athletes during a period of increased academic and physical stress. Second, we evaluated the effect daily probiotic supplementation on physical and performance adaptations in Division I collegiate baseball players following 12 weeks of offseason training. With this investigation, we sought to address gaps in the literature regarding probiotic supplementation in team sport athletes, as well as further explore potential mechanism by which probiotics may improve athlete health and performance.
Materials and Methods
Twenty-five Division I male baseball athletes (20.1 ± 1.5 years, 85.5 ± 10.5 kg, 184.7 ± 6.3 cm) participated in this double blind, placebo-controlled, randomized study. Participants were randomly assigned to a probiotic (PRO; n = 13) or placebo (PL; n = 12) group, utilizing blocked counterbalanced randomization based on participant order in reporting to the lab to ensure groups were as equal in n-size as possible. Following an explanation of all procedures, risks, and benefits, each participant provided their written informed consent prior to participation in this study. The research protocol was approved by the Institutional Review Board of the University prior to participant enrollment. Exclusion criteria included the use of probiotic supplementation, ergogenic aids, or suffering from any medical, muscular, or metabolic contraindications.
Study Protocol
Participants reported to the Human Performance Lab (HPL) on two separate occasions at the beginning (PRE) and end (POST) of the 12-week training intervention following a 10-h overnight fast. Additionally, athletes were instructed to report to the lab hydrated while abstaining from caffeine, alcohol, and vigorous exercise for at least 24 h prior to both laboratory testing sessions. During these visits the participants were tested for body composition, muscle thickness, and provided biological samples. Furthermore, athletes reported to their strength and conditioning coordinator on two separate occasions pre-and post-training, to measure 1RM for squat and deadlift along with testing pro-agility, 10-yard sprint, and standing long jump. Pre-training, all 1RM sessions began at the beginning of the fall semester during the first week of classes. Post-training, 1RM and performance testing occurred the week prior to final examinations. As one of our aims was to investigate biomarkers of fatigue and immune function during a stressful period, we chose to conduct our post-training biochemical sample collection during final examination week [10] . Additionally, as winter months have been shown to produce additional challenges to the immune system [20] , our post-testing biochemical sampling occurred in a winter month as well (December).
Body Composition

Air Displacement Plethysmography
Body density was estimated using air displacement plethysmography using the BODPOD ® (COSMED, Rome, Italy). Prior to each test, the BODPOD was calibrated according to the manufacturer's instructions using a two-point calibration. Prior to testing, athletes were instructed to wear tight fitting compression shorts and a swimming cap, as well as to remove all metal, including jewelry and watches. Body mass was measured to the nearest 0.01 kg using the system's calibrated scale. All athletes were instructed to sit in the chamber, breath normally, and to minimize any movement. A minimum of two trials were performed. If measurements were not within 150 mL of each other, a third trial was conducted. Thoracic gas volume was estimated using the BODPOD software, which uses standard prediction equations and has demonstrated no difference compared to measured lung volumes [30] .
Bioelectrical Impedance Analysis
Total body water (TBW) was determined using multi-frequency bioelectrical impedance analysis (BIA) using the InBody ® 570 Body Composition Analyzer device (Biospace, Inc., Seoul, Korea). Body composition from BIA is obtained from the measures of resistance and reactance when an electrical current travels throughout the body. Prior to each assessment the participants' hands and feet were thoroughly cleaned with InBody ® provided tissues. Age, height, and sex were manually entered, while a scale positioned within the device assessed body mass. The participant was then instructed from the software to stand fully erect on the measurement electrodes situated on the platform and to hold hand electrodes, with arms extended, without touching the sides of their body. Participants were asked to refrain from moving or talking until the assessment was completed. It has previously been shown that BIA is a valid measurement tool for determining TBW when compared to a deuterium oxide technique [31] .
Three-Compartment Model (3C-W)
The criterion percent body fat (%BF) was estimated using the three compartment-water (3C-W) model described by Siri [32] . The equation includes measurements of body density (from the BODPOD), TBW (from the BIA), and body mass (BM). The equation for %BF is listed below:
Muscle Ultrasonography
Non-invasive measurements of muscle thickness (MT) were collected using B-mode ultrasound imaging with a 12 MHz linear probe (General Electric LOGIQ P5, Wauwatosa, WI, USA). Measurements for the rectus femoris (RF) were taken at 50% of the distance from the anterior, inferior suprailliac spine to the most proximal point of the patella [33] . Vastus lateralis (VL) measurements were taken in the same fashion as previously stated; however, the sampling location was determined by 50% of the straight-line distance between the greater trochanter and the lateral epicondyle of the femur [34] . Prior to image collection, participants laid supine for 5 min and the probe was coated with a water-based conduction gel. For measurements of MT, the probe was oriented longitudinally in the sagittal plane parallel to the muscle tissue without depressing the skin. Once images were collected, analysis was completed using ImageJ software (version 1.45s; National Institutes of Health, Bethesda, MD, USA). MT was determined from the still image as the distance between the inferior border of the superficial aponeurosis and the superior border of the deep aponeurosis. Intraclass correlation coefficients (ICC 3,k ), standard error of measurements (SEM), and minimal differences (MD) for the ultrasound technician were calculated for the RF MT (ICC 3 
Dynamic Strength Testing
One-repetition maximum (1RM) strength was assessed in squat and dead lift exercises. All 1RM testing was performed using methods previously described [35] . Prior to testing, each athlete completed a general warm-up led by the strength and conditioning coach, which included jogging and a dynamic warm-up. Each athlete performed two warm-up sets using a resistance of approximately 40-60% and 60-80% of her perceived maximum, respectively. For each exercise, 3-4 subsequent trials were performed to determine the 1RM. A 3-5 min rest period was provided between each trial. Trials not meeting the range of motion criteria for each exercise or where proper technique was compromised were discarded.
Performance Testing
Ten-Yard Sprint
The athletes then completed a standardized general and dynamic warm-up that was consistent with their normal training habits and led by the team's strength and conditioning coach. A pair of cones and tape affixed to the floor were positioned to denote the "starting line". The athletes were instructed to take their preferred starting stance at the starting line and to begin each maximal trial at their ready. Sprint times were quantified with infrared timing gates with 0.01 s precision (Brower Timing Systems, UT, USA). The best of three trials was recorded and used for analysis.
Pro-Agility Test
For the pro-agility test, three cones were placed parallel, five meters apart. The athletes set up for the test in a straddle position facing the middle cone. On their ready, the athletes were instructed to pivot to their right and accelerate as quickly as possible to a cone 5 m away and then upon touching the first cone, pivot again to their left and sprint the 10 m distance to the furthest cone. Upon touching this cone, the athletes once again pivoted to the right to return to the middle cone as quickly as possible. During each change in direction, the athletes were asked to touch the ground next to the cone. Trials where the athlete failed to touch the ground were discarded. Time for the pro-agility was captured with laser timing gates with 0.01 s precision (Epic Combine Timer, Lincoln, NE, USA). Athletes were allowed three attempts and the fastest time measured in seconds was recorded.
Standing Long Jump
Standing long jump performance was assessed using a pre-marked (±0.5 in) commercial mat (Sportime, LLC, Norcross, GA, USA). Prior to the test, each athlete stood with both feet placed in the marked "starting area" on the mat. Athletes were instructed to perform a maximal horizontal long jump. Standing long jump distance was determined by furthest distance reached following three maximal countermovement jump attempts performed from a standing position with feet shoulder width apart.
Supplementation Protocol
Both the PRO and PL groups completed daily supplementation for 12 weeks. The PRO supplement consisted of one billion colony forming units (CFU) Bacillis subtilis DE111 (Deerland Enzymes, Kennesaw, GA, USA). Following production, probiotic count was confirmed (1.2 billion CFU/capsule) via plate count method by the manufacturer at the beginning of the investigation. The placebo capsule consisted of maltodextrin, and athletes consumed their respective treatment (PRO or PL) in the form of a capsule, both treatments being identical in appearance. On training days, capsules were consumed immediately post-workout with a protein (whey protein isolate) and carbohydrate (dextrose) recovery drink (27 g protein, 36 g carbohydrates, 2 g fat) in the presence of a study investigator. All athletes consumed the post-workout drink with their respective treatment capsule. Prior to each workout, a study investigator prepared the post-workout recovery drinks, organized the study product for consumption, and monitored compliance as supplementation occurred. On weekend or non-training days, athletes were provided their respective capsules in individual bags and were required to consume their supplement with a normal meal and return the used supplement bags. Capsules were kept in a dry cool area in the laboratory protected from light and moisture, while the athletes were instructed to store their supplement similarly on weekends. Throughout the entire 12-week intervention and the following biochemical and statistical analysis, all study investigators and participants were blinded as to which product each participant consumed. Following all data collection and analysis, study investigators were unblinded by the manufacturer providing the allocation codes, and the investigators became aware of the intervention.
Nutritional Analysis
During the training and supplement intervention, participants were asked to complete a three-day food log (two weekdays, one weekend day) on weeks one, nine, and 12. Dietary recalls were used to provide an estimate of total kilocalorie intake (kcal) and macronutrient distributions (carbohydrate, protein, and fat) of the athlete's typical weekly diet. All dietary analysis was completed using the MyFitnessPal application (Under Armour Inc., Baltimore, MA, USA), which contains a large, detailed US-branded food database.
Saliva Sampling
Saliva and blood samples were obtained at two time points throughout the study (PRE, POST). All biochemical samples at POST were taken at the same time of day as PRE to avoid potential confounding influence of diurnal variations. Prior to saliva sampling, all athletes rested in a seated position for 5 min. With an initial swallow to empty the mouth, unstimulated whole saliva was collected by expectoration into a pre-weighed vial with eyes open, head tilted slightly forward, and making minimal orofacial movement. Study personnel then documented the saliva collection duration and weight of the sample. Saliva flow rate (mL/min) was determined by weighing with saliva density assumed to be 1.0 g/mL [36] . After collection, the sample tube was centrifuged at 3000× g for 15 min to remove cellular debris, which can negatively impact the accuracy of analysis [37] . The supernatant was then aliquoted and stored frozen at −80 • C for later analysis.
Blood Sampling
These blood samples were obtained using a single-use disposable needle with the athlete in a supine position for at least 15 min before sampling. All blood samples were collected into two Vacutainer ® tubes, one containing no anticlotting agent (6 mL) and the second containing K 2 EDTA (6 mL). The blood in the first tube was centrifuged immediately at 3000× g for 15 min while the second tube was allowed to clot at room temperature for 30 min and subsequently centrifuged at 3000× g for 15 min. The resulting plasma and serum were placed into separately labeled microcentrifuge tubes and frozen at −80 • C for later analysis.
Biochemical Analyses
Duplicate saliva samples were analyzed for secretory SIgA and SIgM concentrations using enzyme-linked immunosorbent assay (ELISA) kits (SIgA: Salimetrics, State College, PA, USA; SIgM: Abcam, Toronto, ON, Canada). The intra-assay coefficient of variation for saliva SIgA was 3.31% and 7.54% for SIgM. The SIgA and SIgM secretion rate was then calculated by multiplying the concentration by the saliva flow rate.
Circulating plasma concentrations of TNF-α and serum concentrations of IL-10, zonulin, testosterone, and cortisol were assayed via commercially available ELSIA kits (ALPCO, Salem, NH, USA). To limit interassay variability, all samples for a particular assay were thawed once, and analyzed by the same technician using a FLUOstar Omega spectrophotometer (BMGLabtech, Ortenberg, Germany). All samples were analyzed in duplicate with a mean coefficient of variation of 4.05% for TNF-α, 7.45% for IL-10, 4.10% for zonulin, 4.89% for testosterone, and 3.48% for cortisol.
Offseason Training Protocol
All athletes completed the same triphasic undulating periodized resistance training program for 12 weeks (2-3 days week −1 ) ( Table 1) . Triphasic training is a common periodized resistance training program designed to allow an athlete to eccentrically and isometrically absorb energy before applying it in a dynamic movement [38] . This program consisted of three mesocyles (3-4 weeks) in which athletes emphasize a particular phase of movement (eccentric, isometric, concentric) while performing their core lifts. In addition to strength training, the athletes participated in team conditioning, agility, jumping, and sprint work (2-3 sessions week −1 ). These workouts consisted of approximately 30-40 min of sport-specific skill development and conditioning-related work. All training sessions were performed under the supervision of a certified strength and conditioning specialist, as well as a certified athletic trainer. 
Statistical Analysis
Prior to hypothesis testing, the Shapiro-Wilk test was used to evaluate the assumption of normality for dependent variables. Non-normally distributed data were transformed using the natural log (LN). To identify differences between the experimental conditions on changes in markers of immune and hormonal status, athletic performance, and body composition, an ANCOVA was performed on all measures collected at POST. Associated values collected at PRE were used as the covariate to eliminate the possible influence of initial score variances on the outcomes. Following any significant F-ratio, a paired-samples t-test was used to determine if significant difference existed between measures collected prior to and immediately following 12 weeks of training. Group differences were further assessed via effect sizes (η 2 p; partial eta squared). Effect sizes were interpreted as small (0.01-0.059), medium (0.06-0.139), or large (>0.14) as previously recommended [39] . An alpha level was set at p ≤ 0.05, and all analyses were performed using SPSS version 24.0 (SPSS, Inc., Chicago, IL, USA).
Results
No significant differences were observed between groups for compliance, with all athletes achieving ≥92% with an average compliance of 98.8% across groups. No significant differences (p = 0.571) in average daily caloric intake were observed between PRO (2404 ± 494.3 kcals) and PL (2369 ± 616.3 kcals) groups. In addition, no significant differences were seen between groups in carbohydrate (p = 0.515; PRO: 262.2 ± 52.3 g vs. PL: 251.4 ± 62.6 g), protein (p = 0.871; PRO: 122.3 ± 33.3 g vs. PL: 128.0 ± 40.1 g), and fat (p = 0.274; PRO: 91.3 ± 28.7 g vs. PL: 86.5 ± 24.1 g) intakes. Furthermore, both PRO and PL supplements were well tolerated, and no adverse side effects were reported.
Strength, Performance, and Body Composition
Changes in strength, performance and body composition are presented in Table 2 . There were no group differences observed between PRO and PL for any measure of strength, performance or body composition. Collectively, significant improvements (p < 0.001) were observed in squat 1RM, deadlift 1RM, pro-agility, and standing long jump as a result of 12 weeks of offseason training, while no improvement (p = 0.312) in 10-yard sprint time was found. Additionally, both groups experienced significantly increased (p < 0.001) RF and VL muscle thickness following training, while no improvements were seen for body fat % (p = 0.332). 
Biochemical Markers
Changes in biochemical markers are presented in Table 3 . TNF-α concentrations were significantly (F = 5.859, p = 0.024, η 2 = 0.020) lower in PRO (∆: −0.25 ± 1.10 pg/mL, p = 0.453) compared to PL (∆: +0.36 pg/mL, p = 0.160). There were no other significant group differences in any other biochemical markers examined. However, a large (η 2 = 0.134) but statistically insignificant (p = 0.078) effect for lower cortisol concentrations in PRO (∆: −76.9 ± 222.1 nmol/L, p = 0.235) compared to PL (∆: +39.6 ± 126.03 nmol/L, p = 0.300) was observed at POST. Collectively, significant increases were observed for testosterone (p = 0.045), LN IL-10 (p = 0.048), SIgA rate (p = 0.031), and LN SIgM rate (p = 0.002) following 12 weeks of offseason training across groups. No main effects for time were observed in any other biochemical marker. Data presented as mean ± SD. LN = natural log transformation. * significantly different from PL.
Discussion
The objective of this study was to examine the effect of daily probiotic supplementation on strength, performance, body composition and biochemical markers in Division I male college athletes. The results of this study indicate that probiotic supplementation did not provide any additional benefits on strength, performance, and body composition following offseason training compared to PL. Furthermore, it appears that probiotic supplementation appears to promote lower circulating TNF-α in resistance trained males.
As probiotics have previously been shown to modulate pro-and anti-inflammatory cytokines in the body, it has been suggested that probiotics may support an athlete's general immune health [13] . Additionally, intense physical training may cause damage to an athlete's gut barrier, resulting in endotoxin translocation, oxidative stress, and a low-grade pro-inflammatory cytokine response [16, [40] [41] [42] . In the present study, we found that 12 weeks of probiotic supplementation attenuated increases in TNF-α which were observed in the placebo group. Similar to our findings, probiotic supplementation reduced circulating TNF-α concentrations in endurance-trained men [16] while West et al. [20] found that probiotic supplementation likely decreased the magnitude of TNF-α concentrations following acute VO 2 max testing. TNF-α is a potent pro-inflammatory cytokine which is designed to serve an essential role in skeletal muscle remodeling [43, 44] . However, pronounced levels of TNF-α have been linked suppressed protein synthesis, disordered sleep, and impaired muscular performance [8, 9, 45] . In this study, athletes in the placebo group experienced elevated TNF-α concentrations (2.78 ± 0.95 pg/mL) which were considerably lower than a previous study in humans which observed a significant relationship between increased TNF-α (8.09-8.78 pg/mL) and disordered sleep [8] . Moreover, while elevated levels of inflammation are generally regarded as detrimental to recovery and adaptation, our athletes experienced similar physical adaptations regardless of treatment group. It is also important to note that we studied athletes who completed a rigorous offseason training program, were in preparation for examination week, and were entering into the winter months. Thus, we cannot speak to the exact cause of the elevations in circulating TNF-α observed in the placebo group. Taken together, it is difficult to gauge the practical benefit of suppressed inflammation based on the measures included in our study. Nevertheless, during a time period where multiple stressors were present, it appears that probiotic supplementation may alter cytokine production in male collegiate athletes.
While IL-10 concentrations in our study did not differ between groups, significant elevations were seen as a result of the offseason training program. Ibrahim et al. [29] found a significant increase in IL-10 concentrations following 12 weeks of circuit training alone and probiotic supplementation alone, while the combination of circuit training and probiotics trended towards a significant elevation post intervention. IL-10 is an anti-inflammatory cytokine that is generally elevated at post-resistance exercise as a means to suppress inflammation and begin the adaptation process [43, 44] . While our participants refrained from strenuous activity prior to reporting to the lab, it is possible the observed modest elevation in IL-10 was a lingering anti-inflammatory response from their previous workout session. Future investigations utilizing additional biochemical sampling time points may provide context to interpret these findings.
Immunoglobulins are a heterogeneous group of antimicrobial proteins that appear as the immune system's first line of defense in response to an antigen [46] . SIgA is the principal immunoglobulin involved in host defense and has been shown to be suppressed following intense acute [3, 47, 48] and chronic training [4, 18] . Contrary to previous reports in endurance athletes [18] and military cadets [49] , we found no effect of probiotics on indicators of mucosal immunity in our athletes. However, this is consistent with a number of studies in endurance athletes that found no differences in SIgA or SIgM between groups following probiotic interventions ranging from 4-12 weeks [19, 20, 50] . Additionally, another study found no differences in SIgA protein concentration or secretion rate in 24 male and 6 female professional athletes of various sports [17] . It is possible that due to the prolonged repetitive nature of endurance exercise, these athletes experience a larger volume of training-induced stress and are thus more prone to immune suppression than strength and team sport athletes. Team sport athletes likely spend a larger amount of offseason time indoors engaging in resistance training compared to endurance athletes (e.g., runners), who are constantly exposed to the elements for prolonged periods of time.
Testosterone and cortisol represent hormonal parameters that provide a snapshot of the current anabolic status of an athlete [11] . Traditionally, these two endocrine biomarkers are utilized in male athletes to identity and prevent overtraining [51] . No significant differences in testosterone, cortisol, or T:C ratio were observed between groups in this study. Nevertheless, a trend was observed for decreased cortisol concentrations in the probiotic group. This is in agreement with previous work which found no effect of probiotics on cortisol concentrations during a period of intense military training [49] . However, one study in a non-athletic population reported lower cortisol responses in participants which received a prebiotic (soluble fiber compounds which enhance the growth of gut microbiota) supplement daily for three weeks [52] . Thus, there is precedent for gut modulatory substances producing a reduced cortisol response in humans. Furthermore, coupled with the probiotic attenuation of TNF-α in our study, coinciding lower average cortisol levels in the probiotic group may indicate a better homeostatic balance for health, recovery, and physiological adaptations.
Zonulin is a protein which plays a central role in modulating intercellular tight junctions in the intestinal endothelium [53] . Of late, this protein has been proposed as a novel circulating marker of intestinal permeability [54] . In the present study, we found no differences in plasma zonulin concentrations following our 12-week intervention. Previous work found that 14 weeks of probiotic supplementation resulted in significantly decreased levels of fecal zonulin, indicating an improvement in intestinal barrier integrity [16] . While previous literature have observed changes in circulating zonulin following probiotic interventions, it is possible that fecal measurements of zonulin may have been a more sensitive marker to detect changes in our healthy participants. Some investigations have observed compromised gut permeability in response to an acute exercise stress in trained participants following endurance and interval training [41, 55] . Thus, future work should seek to characterize intestinal permeability following acute resistance exercise or a competitive event. Finally, it is possible that the strain utilized in our investigations may have no measureable effect on circulating zonulin as a proxy marker for gut impairment.
It has been proposed that probiotic supplementation may improve gastrointestinal function resulting in increased absorption of dietary protein [26] which may contribute to enhanced adaptations over the course of a training intervention. In a mouse model, 6 weeks of Lactobacillus plantarum produced augmented strength, muscle mass, and type I muscle fiber number, while improving endurance swimming performance [56] . Also, in a computer-controlled in vitro model of the small intestine, Bacillus coagulans GBI-30, 6086 enhanced amino acid absorption while improving colon health [26] . As such, we postulated that in addition to possible effects on immune function, that probiotic supplementation may increase the benefits of post-workout nutrition. In the current study, we observed no differences in any measure of strength or physical performance between groups. However, baseline differences in strength measures (i.e., squat and deadlift), and the lack of training volume analysis limited the interpretation of these data. Additionally, we found no preferential effects of probiotic supplementation on muscle thickness and body composition. To date, only two manuscripts have investigated the effect of probiotic administration on resistance training adaptations. The first investigation [29] found no ergogenic benefit of a probiotic supplement on muscular strength and power following 12 weeks of circuit-resistance training which is in concert with previous work in endurance athletes reporting no effect of probiotics on performance [17, 19, 20, 57] . The second study found no benefit of daily Bacillus subtilis (five billion CFU) supplementation on measures of physical performance following 10 weeks of offseason training in female Division I volleyball and soccer athletes [27] . However, Toohey et al., [27] did observe significant improvements in body composition when probiotic was administered with a protein carbohydrate beverage which were not supported in this study with male participants. While we utilized the same probiotic strain as the previous study in female athletes (Bacillus subtilis DE111), we provided our athletes with a smaller daily dose (one billion CFU) of probiotic. Additionally, the females enrolled in the previous investigation [27] who experienced significant improvements had an average body fat percentage of 25.1%, whereas our male participants began the intervention with an average body fat of 14.3% and much less room for improvement. Therefore, the apparent discrepancy between our results and existing data to date could result from subtle sex and dosage-dependent differences, in addition to dissimilarities in baseline body composition measures.
Conclusions
Our data indicate that 12 weeks of probiotic supplementation provides no beneficial effect regarding body composition, physical performance, hormonal status, or gut permeability while attenuating circulating TNF-α concentrations in college athletes following offseason training. College athletes typically undergo periods of elevated stress both physically and mentally, which may negatively affect recovery and adaptation. While decreased TNF-α levels as a result of probiotic supplementation may be promising, no other performance or body composition benefits were found which leaves the practical relevance of decrease inflammation in athletes convoluted. One limitation of our study is that we did not collect any direct measures of stressors (e.g., questionnaires) beyond biochemical markers and detailing the training regimen. This includes additional assessments that were not assessed in this study regarding sleep patterns, perception of academic stress, social influences, and quantification of training volume and load, which would provide a better picture of the demands of college student-athletes, and potential practical relevance of probiotic administration. Furthermore, it appears that our study was statistically under-powered to detect modest effects in some biomarkers (e.g., cortisol). As the current study was limited by the size of the athletic team studied (25 athletes), additional work is need in trained athletes with a larger sample size. Moreover, as the effects of probiotics may be dose, strain, and sex dependent, further research is needed.
